The synthesis of reclaimable adsorbents with satisfactory adsorption performance and easy separation properties is necessary for environment-related applications. In this study, novel amine-functionalized 
Introduction
The existence of hazardous metals in the aquatic environment has attracted extensive attention because these metals can pose serious health problems via the food chain.
1 Chromium (Cr), resulting from various industrial process such as electroplating, steel making, pigment manufacturing, and wood preservation, is the second most abundant inorganic groundwater contaminant. 2, 3 In the aquatic environment, Cr is present in the main valence states as Cr(III) and Cr(VI). 4 Cr(VI) is a hypertoxic pollutant for humans due to its high water solubility, mobility, and carcinogenicity. 2, 5 Cr(III), on the other hand, is hypotoxic, slightly soluble, has poor mobility, and is easy to be precipitated as hydroxide. 6 In accordance with the World Health Organization (WHO), the contaminant concentration for Cr(VI) in potable and surface waters should be less than 0.05 and 0.1 mg L À1 , respectively. To remedy the Cr(VI) pollution, there is an urgent necessity to dispose Cr(VI) before pouring it into river or sea.
Various methods including adsorption, biological degradation, membrane separation, ion exchange, ltration, etc. are employed to dispose metal ions from contaminated solutions.
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Among these, adsorption is regarded as an efficient way to remove metal ions from the trade effluent because this method is most economically favorable and has simple operation and high efficiency. 4 Moreover, different adsorbents such as clays, modied activated carbon, Fe 0 and iron oxides, organic-inorganic composites, etc. have been applied for the disposal of Cr(VI).
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However, most traditional materials are still far beyond satisfactory for the treatment of Cr(VI) from aqueous medium due to their low adsorption performance, secondary pollution, and complicated preparation methods. Therefore, the design and investigation of new materials with high performance for wastewater treatment are still necessary. In this regard, a number of researchers have tried their best to fabricate new materials with more active sites for Cr(VI) adsorption. Moreover, if Cr(VI) could be reduced to Cr(III), the toxicity might be efficiently reduced. Thus, endowing the adsorbents with reduction property may greatly enhance their Cr(VI) removal capability. Due to its outstanding reducing property and abundant active functional groups, poly(m-phenylenediamine) (PmPD) nanoparticles seem to be one of the most prospective high-molecular polymer adsorbents. [16] [17] [18] Nitrogen atoms of amine in PmPD (Fig. S1 †. ) have a lone pair of electrons that can improve its the adsorption capacity towards Cr(VI) via complexation and reducing action. 2 However, few studies have been carried out on their application in Cr(VI) treatment because the PmPD nanoparticles are not easy to be separated from an aqueous solution. Magnetic nanoparticles, especially Fe 3 O 4 , have attracted signicant attention for their facile separation property and avoidance of precipitation with costly and vast sludge. [19] [20] [21] [22] However, easy aggregation, presence of less active sites, and difficult control in the nanoscale range for Fe 3 O 4 nanoparticles may cause their low adsorption capacity for Cr(VI) removal (46.79 mg g À1 ).
9,23-26 The magnetic-core and polymer-shell structure synergistically combining the advantages of PmPD and Fe 3 O 4 can efficiently overcome the abovementioned problems. Functional groups are expected to be coated on Fe 3 O 4 for their ability to coordinate Cr(VI/III) ions.
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Moreover, many magnetic nanocomposites have been fabricated for Cr(VI) removal. 20, [29] [30] [31] However, their adsorption capability is far from being satisfactory. Thus, the development of core-shell magnetic nanocomposites with high adsorption capability for Cr(VI) removal is still a great challenge.
Therefore, the present study was aimed at the controllable preparation of Fe 3 O 4 by graing amine-functional groups from 1,6-hexanediamine via one-pot solvothermal method; this controllable preparation could impede the nanoparticles against aggregation without disturbing their desirable properties and enhance the nitrogen compounds. Then, the aminefunctionalized magnetic Fe 3 The morphologies of the asprepared materials were characterized by high-resolution transmission electron microscopy (HRTEM, JEOL-2010, Tokyo, Japan). The functional groups of the adsorbents were investigated by Fourier-transform infrared spectroscopy (FT-IR, Nicolet 8700, Thermo Scientic Instrument, USA) at a spectral resolving power of 4 cm À1 . Thermogravimetric analysis (TGA) was implemented using the TGA-60/60H thermal analyzer (Shimadzu, Kyoto, Japan) under a N 2 atmosphere at a heating speed of 20 C min. Powder X-ray diffraction (XRD) patterns were obtained using a (Philips X'Pert Pro Super X-ray) diffractometer with Ka source (l ¼ 1.54178Å). The zeta potentials of the samples were obtained as a function of pH using a Nanosizer ZS instrument (Malvern Instrument, UK) at 25 C. The Xray photoelectron spectroscopy (XPS) measurements were conducted using ESCALAB 250 (Thermo-VG Scientic, USA). Vibrating sample magnetometer (VSM) was employed to test the magnetism of the as-prepared nanocomposites, and the range of the magnetic eld was between À30 000 and 30 000 Oe. The core-shell nanoparticles were also investigated via Raman spectroscopy (RAMANLOG 6, SPEX company, USA) at room temperature.
Batch experiments
The adsorption experiments were performed in 10 mL polythene centrifuge tubes. Different volume of adsorbents (1.5 g L
À1
) and Cr(VI) (360 mg L À1 ) were added to the suspensions with the desired concentrations of the solid
The suspensions were also mixed with NaCl (0.001, 0.01 or 0.1 mol L À1 ) for ionic strength investigation. Moreover, the desired pH of the suspensions was adjusted using negligible amounts of 0.1 M HCl or NaOH. For isotherm and kinetics experiments, pH was controlled at 2.0 and the temperature was set at 313 K. To achieve the adsorption equilibrium, the suspensions were shaken for at least 12 h, and then, a magnet was used to separate the solid from the solidliquid mixed phase. Finally, the concentration of Cr(VI) was detected via the spectrophotometric method (l max ¼ 540 nm) using diphenylcarbazide as the chromogenic reagent. Recycling of Fe 3 O 4 -NH 2 @PmPDs was tested using a 0.5 M NaOH solution as the desorbing agent at room temperature. The adsorbents were added to the NaOH solution under ultrasonication (1 h), intensely stirred (10 h), obtained via magnetic separation, and washed several times with water. The recycled adsorbents can be extracted and used for the disposal of Cr(VI) again.
The concentration of Cr(VI) adsorbed on Fe 3 O 4 -NH 2 or Fe 3 O 4 -NH 2 @PmPDs was determined via the differences between the original concentration (C 0 , mg L À1 ) and nal concentration (C e , mg L À1 ). Accordingly, the removal% representing the percentage of Cr(VI) removal as compared to the initial concentration of Cr(VI), distribution coefficient (K d ), and the adsorption capacity (C s , mg g À1 ) were expressed as follows:
17,27
Removal ð%Þ
where V represents the suspension volume, m is the mass of the adsorbents. Laboratory data were the mean of triplicate measurements with errors less than 5%.
Results and discussion
3. ) increases due to the oxidation of benzenoid amine to quinoid imine during the reduction of Cr(VI).
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The magnetization hysteresis loops were employed to investigate the saturation magnetization of the adsorbents at room temperature (Fig. 2C) 14 Therefore, the Fe 3 O 4 -NH 2 @PmPD composites can be easily separated from the contaminated media.
The PmPD-coated Fe 3 O 4 -NH 2 nanoparticles were further conrmed via TGA under a N 2 atmosphere. The curve of the Fe 3 O 4 -NH 2 nanoparticles shows the slight weight loss (1.1%) in the range from 50 to 150 C due to the removal of moisture and ethanol in the rst step (Fig. 2D) 
Effect of pH and ion strength
The as-prepared 1 : 1Fe 3 O 4 -NH 2 @PmPDs were employed to study the Cr(VI) removal at various pH values. It can be seen in Fig. 4A that as the pH increases from 2.0 to 9.0, the adsorption capacity of Cr(VI) on 1 : 1Fe 3 O 4 -NH 2 @PmPDs decreases from approximately 380 to 40 mg g À1 at C 0 (60 mg L À1 ), and its adsorption versus pH trend is consistent with previously reported research. 2 The adsorption process for Cr(VI) can be explained by the physicochemical properties of 1 : 1Fe 3 O 4 -NH 2 @PmPDs and the speciation distribution of Cr(VI) in water solutions in a specic pH range. The existing state of Cr(VI) is sensitive to the pH of the solution, as shown in Fig. 4B . At 2.0 < pH < 4.5, the main existing form is HCrO 4 À (nearly 100%).
When pH > 4.5, as the HCrO 4 À species reduces, the CrO 4 2À species increases and goes up to nearly 100% at pH 9.0. The other species maintain a small amount without changing obviously in the range of pH from 2.0 to 9.0. The zeta potential of 1 : 1Fe 3 O 4 -NH 2 @PmPDs, depending on the property of the particles surface, was investigated, as shown in Fig. 4C 
Investigation of ionic strength is conducive to verify the practical usability of 1 : 1Fe 3 O 4 -NH 2 @PmPDs for the treatment of Cr(VI)-contaminated water. The ionic strength has an effect on the electrostatic attraction for changing the electric double layer thickness and interface potential, which can be interpreted by outer-sphere or inner-sphere surface complexation.
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The outer-sphere complexation, including electrostatic interaction, is sensitive to ionic strength, but the inner-sphere complexation is insensitive to ionic strength due to the formation of strong chemical bonds between the adsorbate and functional groups. 44 The weak interaction of foreign ions for Cr(VI) adsorption indicates that the adsorption process accords to the inner-sphere surface complexation. In conclusion, the results suggest that the complexation of Cr(VI) by the nitrogencontaining groups and the reduction of Cr(VI) to Cr(III) via amine groups are the principal factors promoting the adsorption.
Adsorption isotherm
The adsorption isotherm is regarded as one of the fundamental information about the adsorption process. The adsorption isotherms of Cr(VI) onto the 1 : 1Fe 3 O 4 -NH 2 @PmPDs at 298, 313, and 328 K were obtained and are displayed in Fig. 5A . Obviously, the adsorption capacity is highest at 328 K and lowest at 298 K, implying that the increase in temperature is benecial to Cr(VI) removal via 1 : 1Fe 3 O 4 -NH 2 @PmPDs.
The Langmuir, Freundlich, and Temkin models were used to t the isotherm data. 29, 45, 46 These equations are represented as follows:
Langmuir equation:
Freundlich equation:
Temkin equation:
where b is the constant of the isotherm equations. 
the range between 0 and 1 demonstrate that the adsorption process is an advantageous and chemisorption process, 48 and the values of K F increasing in the wake of increasing temperature suggest an endothermic process. 49 The values of K T and b T highly conrm the strong interaction between Cr(VI) and 1 : 1Fe 3 O 4 -NH 2 @PmPDs and the adsorption process corresponding to the chemical reaction process.
The thermodynamic parameters of Gibbs free energy change (DG 0 ), enthalpy change (DH 0 ), and entropy change (DS 0 ) were employed to explore the thermal properties of the adsorption process. The functions are represented as follows:
where K 0 represents the thermodynamic equilibrium constant and ln K 0 is calculated via plotting ln K d versus C e with extrapolating C e to 0. The thermodynamic parameters of Cr(VI) adsorption on 1 : 1Fe 3 O 4 -NH 2 @PmPDs are shown in Table 3 .
The positive values of DH 0 increase as the temperature increases; this implies an endothermic adsorption process of Cr(VI) adsorption on 1 : 1Fe 3 O 4 -NH 2 @PmPDs. The values of DG 0 also become more negative as the temperature increase; this indicates that Cr(VI) is benecial to be adsorbed at high temperatures, and the process is spontaneous. Moreover, the positive DS 0 suggests that the randomness increases at the solid/solution interface with Cr(VI) adsorbed on 1 : 1Fe 3 O 4 -NH 2 @PmPDs.
Adsorption kinetics
The kinetics of Cr(VI) removal by 1 : 1Fe 3 O 4 -NH 2 @PmPDs is presented in Fig. 6A . The Cr(VI) adsorption is rapid within 200 min, in which about 80% of Cr(VI) is disposed of by 1 : 1Fe 3 O 4 -NH 2 @PmPDs; this is attributed to the abundant surface active sites for the Cr(VI) surface adsorption/reduction reaction.
2 Then, the Cr(VI) removal considerably slow down until it reaches equilibrium at 500 min, as well as approximately 10% Cr(VI) is adsorbed due to the relatively low residual Cr(VI) interacting with the Cr-coated 1 : 1Fe 3 O 4 -NH 2 @PmPDs. In a practical application, the optimal contact time can be selected according to the adsorption kinetics.
To further investigate the underlying kinetics of Cr(VI) adsorption onto 1 : 1Fe 3 O 4 -NH 2 @PmPDs, the pseudo-secondorder kinetic and the intraparticle diffusion model were employed to simulate these experimental kinetic data.
20,49
Moreover, the parameters for kinetic equations are shown in Table 4 . Among them, the correlation coefficients suggest that the pseudo-second-order kinetic equation can commendably depict the entire adsorbent systems. The adsorption of Cr(VI) on 1 : 1Fe 3 O 4 -NH 2 @PmPDs is mostly chemisorption involving the complexation of Cr(VI) and then reduction of Cr(VI) to Cr(III) through amine groups. 43 Some of the forefathers' research also conrm that the Cr(VI) removal can be well described by the pseudo-second-order kinetic model.
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The removal of Cr(VI) on 1 : 1Fe 3 O 4 -NH 2 @PmPDs may undergo many steps during the whole reaction process. Thus, the intraparticle diffusion model was employed to simulate these experimental kinetic data aiming at distinguishing the different stages. 50 As observed from Fig. 6B , adsorption is not the sole step of the rate-limiting reaction because the plots of q t versus t 1/2 do not yield a straight line passing through the origin. 20 The whole adsorption process can be divided into four sections as follows: (i) Cr(VI) rapidly reaches the external surface of 1 : 1Fe 3 O 4 -NH 2 @PmPDs on account of abundant active sites for Cr(VI) instantaneous adsorption; (ii) the adsorption slows down because the rate-limiting step for Cr(VI) diffusion into the pore microstructure or the interspace of nanoparticles; 20, 41 (iii) the intraparticle diffusion slows down considerably due to the low residual Cr(VI) and the interaction with the consumed functional groups; and (iv) Cr(VI) adsorption reaches equilibrium in the nal stage, which is excellently stable.
Adsorption mechanism
XPS was employed to accurately analyze the surface chemical compositions of 1 : 1Fe 3 O 4 -NH 2 @PmPDs before and aer Cr(VI) adsorption. In the survey spectra, the peaks including C 1s, O 1s, N 1s, and Cr 2p can be observed (Fig. 7A) . New peaks emerge nearby the binding energy of 577.5 eV, corresponding to the photoelectron spectra of Cr 2p, suggesting Cr(VI) adsorption on the near surface of 1 : 1Fe 3 O 4 -NH 2 @PmPDs. Moreover, the spectra of Cr 2p shows two peaks: Cr 2p 3/2 (577.8) and Cr 2p 1/2 
(587.0) via the high-resolution XPS spectrum (Fig. 7B) . The broad peak of Cr 2p 3/2 can be divided into two peaks at the binding energies of 578.1 and 576.3 eV, corresponding to the features of Cr(VI) and Cr(III), respectively. 50 Moreover, it indicates that part of adsorbed Cr(VI) has been reduced to Cr(III) on the surface of 1 : 1Fe 3 O 4 -NH 2 @PmPDs. For comparison, the mass rates of Cr(III) and Cr(VI) adsorbed onto the surface of 1 : 1Fe 3 O 4 -NH 2 @PmPDs are calculated to be 53.3% and 46.7%, respectively. The changes of N 1s were also investigated by the high-resolution XPS spectra ( Fig. 7C and D) . Before Cr(VI) adsorption, the broad peak of N 1s can be divided into two peaks at the binding energies of 399.0 eV, corresponding to the benzenoid amine groups (-N], 12%), and 399.79 eV, corresponding to the quinoid imine groups (-NH-, 88%), indicative of the graed PmPD on the surface of Fe 3 O 4 .
20 In addition, the mass fractions of benzenoid amine groups and quinoid imine groups for 1 : 1Fe 3 O 4 -NH 2 @PmPDs are about 2.01% and 14.70%, respectively (Table S1 † Based on the abovementioned analyses and discussion, the Cr(VI) adsorption mechanism is illustrated in Fig. 8 . The Cr(VI) adsorption involves the following steps: (i) Cr(VI) species are adsorbed by the abundant surface active sites from -NH 2 and PmPD via the inner-sphere surface complexation; (ii) Cr(VI) is reduced to Cr(III) by benzenoid amine groups from PmPD; and (iii) Cr(III) readily interacts with imino groups through coordination.
Recycle and desorption performance
The recycle performance of 1 : 1Fe 3 O 4 -NH 2 @PmPDs is a principal factor to assess the cost-effectiveness of the adsorbents. Desorption of the adsorbed Cr(VI) from 1 : 1Fe 3 O 4 -NH 2 @-PmPDs was carried out with NaOH (1mol L À1 ) because the affinity of 1 : 1Fe 3 O 4 -NH 2 @PmPDs gradually weakened with the increasing pH. As observed from the Fig. 9 , the adsorption capacities of ve cycles are 389, 367, 343, 337, and 332 mg g À1 , respectively. The results indicate that the adsorption capacity still retains a high level during the repeated adsorption and desorption operations. The recovered nitrogen-containing functional groups and the remaining imino groups of Fe 3 O 4 -NH 2 @PmPDs can act as the surface active sites for the adsorption of Cr(VI) in the next cycle. The inset image of the 
